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1. Title of Invention 

Method of surface Treatment of Semiconductor substrates 

2. Claims 

1- A method of etching a feature in a semi conductor 
substrate in a reactor chamber using alternately reactive 
ion etching and depositing a passivation layer by chemical 
vapour deposition, wherein one or more of the following 
parameters: gas flow rates, chamber pressure, plasma power, 
substrate bias, etch rate, deposition rate, cycle time, and 
etching/deposition ratio vary with time. 

2. A method as claimed in claim 1 wherein the variation is 
periodic . 

3. A method as claimed in claim 2, wherein the parameter 
or parameters vary as a sinusoidal, square, or saw tooth 
waveform or a combination of these. 

4. A method as claimed in claim 1 or claim 2 

wherein the variations in the parameter or parameters are 
ramped . 

5. A method of etching as claimed in claim 1 

wherein the etching and deposition steps 

overlap, 

6. A method as claimed in claim 1 

wherein the etching and deposition gases are mixed. 

7. A method as claimed in claim 1 

including pumping out the chamber between etching" and 
deposition and/or between deposition and- etching. 

8. A method as claimed in claim 7 wherein the pump out 
continues until 
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< x 

Ppa +Ppb 

wherein Ppa is the partial pressure of the gas (A) used 
in the preceding step, 

Ppb is the partial pressure of the gas (B) to be used 
in the subsequent step, 

and 

x is the percentage at which the process rate of the 
process associated with gas (A) drops off from an essential- 
ly steady state. 

9. A method as claimed in claim 1 

wherein the amplitude of the parameters is variable within 
a cycle or aa between cycles. 

10. A method as claimed in claim 1 

wherein the etch rate is reduced and/or the deposition rate 
is enhanced during the first cycle or for up to at least the 
first few cycles. 

11. A method as claimed in claim 10 wherein the etch race 
is reduced by one or more of the following: 

(a) the introduction of a scavenging gas 

(b) a reduction in plasma power 

(c) a reduction in cycle time and - 

(d) a reduction in gas flow 

(e) varying the chamber pressure 

12. A method as claimed in claim 10 or claim li wherein the 
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deposition rate ia enhanced by one or more of the following: 

(a) an increase in plasma power 

(b) an increase in cycle time 

(c) an increase in gas flow rate 

(d) an increase in deposition species density 

(e) varying the chamber pressure 

13. A method as claimed in claim 1 

wherein the chamber pressure is reduced as a function of 
feature depth. 

14. A method as claimed in claim 1 

wherein the substrate bias is increased as a function of 
feature depth. 

15. A method as claimed in claim 1 

including depositing a mask having openings prior to 
etching. 

16. A method as claimed in claim 15 

wherein the mask is enhanced by or is itself deposited as a 
carbon or hydrocarbon layer. 

17. A method as claimed in claim 1 

wherein the etch and/or depositions have periods of less 
than 7 . 5 sees or 5 sees . 

18. A method as claimed in claim 1 
wherein the etch gas is CF K or XeF a . 

19. A method as claimed in claim 1 

wherein the etch gas includes one or more- higher atomic mass 
halides. 

20. A method as in claim 1 

wherein the chamber pressure is reduced and/or the flow rate 
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is increased during deposition, 

21. A method as claimed in claim 1 

wherein the substrate rest freely on a support in the 
chamber to be heated to equilibrium by the plasma. 

22. a method as claimed in claim l 

wherein the substrate is maintained at between -100°C and 
100°C. 

23. A method as claimed in claim 1 

wherein the substrate is GaAs , GaP, GaN, GaSb, SiGe, Ge, Mo, 
W or Ta . 

24. A method as claimed in claim 23, wherein the etch gas 
is one or a combination of Cl 2 , BCl 3 , SiCl,, SiCl 2 H a , CH.Cl,, 
C x Cl y , CH X with or without H or an inert gas. 

25. A method as claimed in claim 23 or claim 24, wherein 
the deposition gas is one or a combination of CH x H /j CH K , 
CH x Cl y or C H Cl y with or without H, or an inert gas. 

26. A method as claimed in claim 1 

wherein the deposition gas is a hydrocarbon gas to deposit 
a carbon or hydrocarbon layer. 

27. A method as claimed in claim 26, wherein the deposition 
gas includes O, N or F elements and/or is mixed with H 2 . 

28. A method as claimed in claim 27, wherein the deposited 
layer is Nitrogen and/or Fluorine dopes. 

29. A method of etching a feature in a semiconductor 
substrate including alternately etching and depositing a 
passivation later wherein the deposition rate is enhanced 
and/or etch rate is reduced during at least the first cycle. 
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This invention relates to methods for treatment for 
semiconductor substrates and in particular/ but not 
exclusively, to methods of depositing a sidewall passivation 
layer on etched features and methods of etching such 
features including the passivation method. 

It is known to anisotropically etch trenches or 
recesses in silicon using methods which combine etching and 
deposition. The intention is to generate an anisotropic 
etch, whilst protecting the sidewalls of the trench or 
recess formed by laying down a passivation layer. 

Such methods are for example shown in US-A-4579623 , EP- 
A-0497023, EP-A- 0200951 , W0-A-941141B7 and US-A-4 9851 14 . 
These all describe either using a mixture of deposition and 
etching gases or alternate etching and deposition steps. The 
general perception is that mixing the gases is less 
effective because the two processes tend to be self 
cancelling and indeed the prejudice is towards completely 
alternate steps. 

Other approaches are described in EP-A-03 8357 0, US-A- 
4943344 and US-A-4992136. All of theBe Beek to maintain the 
substrate at a low temperature and at first , somewhat 
unusually, uses burst of high energy ions during etching to 
remove unwanted deposits from the sidewalls. 

The continuous trend in semiconductor manufacture is 
for features of ever increasing aspect ratio, whence the 
sidewall profile and the surface roughness on the sidewalls. 
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becomes more significant the smaller the width of the 
feature. Current proposals tend to produce a rather bowed or 
reentrant sidewall profile as well as rough sidewalls and/or 
bases to the formations depending on the process being 
run . 

The manifestation of the various problems depends on 
the application and the respective processing requirements, 
silicon exposed area (unmasked substrate areas), etch depth, 
aspect ratio, side wall profile and substrate topography. 

The method of this invention, in at least some 
embodiments, addresses or reduces these various problems. 

From one aspect the invention consists in a method of 
etching a trench in a semiconductor substrate in a reactor 
chamber using alternately reactive ion etching and 
depositing a passivation layer by chemical vapour 
deposition, wherein one or more. of the following parameters: 
gas flow rates, chamber pressure, plasma power, substrate 
bias etch rate, deposition rate, cycle time and 
etching/deposition ratio vary with time. The variation may 
be periodic. 

The etching and deposition steps may overlap and 
etching and deposition gases may be mixed. 

The method may include pumping out the chamber between 
the etching and deposition and/or between deposition and 
etching, in which case the pump may continue until 
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Ppa 

< x 



Ppa + Ppb 

wherein Ppa is the partial pressure of the gas (A) used 
in the preceding step, 

Ppb is the partial pressure of the gas <B) to be 
used in the subsequent step, 

and 

x is the percentage at which the process rate of the 
process associated with gas (A) drops off from an essential- 
ly steady state. 

•The etching and deposition gas flows may be 
continuously or abruptly variable. For example the 
deposition and etching gases may be supplied so that their 
flow rates are sinusoidal and out of phase . The amplitude of 
any of these parameters may be variable within cycles and as 
between cycles. 

It is particularly preferred that the deposition rate 
is enhanced and/or etch is reduced during at least the first 
cycle and in appropriate circumstances in the first few 
cycles for example in the second to fourth cycles. 

The etch rate may be reduced by one or more of the 
following 

(a) the introduction of a scavenging gas 

(b) a reduction in plasma power 
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(c) a reduction in cycle time and 

(d) a reduction in gaa flow 

(e) varying the chamber pressure 

The deposition rate may be enhanced by one or more of 
the following 

{a) an increase in plasma power 

(b) an increase in cycle time 

(c) an increase in gas flow rate 

(d) an increase in deposition species density 

(e) varying the chamber pressure 

Other advantageous features of the method are that the 
etch and/or deposition steps may have periods of less than 
7.5 seconds or even 5 seconds to reduce surface roughness; 
the etch gas may be CF* or XeP a and may include one or more 
high atomic mass ha 1 ides to reduce spontaneous etch; and the 
chamber pressure may be reduced and/or the flow rate 
increased during deposition particularly for shallow high 
aspect ratio etching where it may be accompanied by 
increased self bias (e.g. voltage >20eV or indeed >lO0eV) . 

The deposition step may use a hydrocarbon deposition 
gas to deposit a carbon or hydrocarbon layer. The gas may 
include O, N or F elements and the deposited layer may be 
Nitrogen or Flourine doped. 

The substrate may rest freely on a support in the 
chamber when back cooling would be an issue. Alternatively 
the substrate may be clamped and its temperature may be 
controlled, to lie, for example, in the range -100°c to 
100°c. The temperature of the chamber can also 
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advantageously be controlled to the same temperature range 
as the wafer to reduce condensation on to the chamber or its 
furniture to reduce base roughness. 

The substrate may be GaAs, GaF, GaN, Ga8o, SiGe, Mo, W 
or Ta and in this case the etch gas may particularly 
preferably be one or a combination of Cl 2 , BCl 3 , SiCl 4 , 
SiCl 2 H a> Cl^Cly, C^lyjOr CH* with or without H or an inert gas, 
Cl 2 is particularly preferred. The deposition gas may be one 
or a combination of CH*, O^Cly or C x Cl y with or without H, or 
an inert gas CH 4 or CH a Cl 3 are particularly preferred. 

Although the invention has been defined above it is to 
be understood that it includes any inventive combination of 
the features set out above or in the following description. 

The invention may be performed in various ways and a 
specific embodiment will now be described by way of example, 
with reference to the accompanying drawings in which: 
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Figure 1 illustrates schematically a prior art reactor 
chamber 10, which is suitable for use both in reactive ion 
etching and chemical vapour deposition. Typically a vacuum 
chamber 11 incorporates a support electrode 12 for receiving 
a semiconductor wafer 13 and a further spaced electrode 14. 
The wafer 13 ie pressed against the support 12 by a clamp 15 
and is usually cooled, by backside cooling means (not 
shown) . 

The chamber 11 is surrounded by a coil 15a and fed by 
a RP source 16 which is used to induce a plasma in the 
chamber 11 between the electrodes 12 and 14. Alternatively 
a microwave power supply may be used to create the plasma. 
In both cases there is a need to create a plasma bias, which 
can be either RP or DC and can be connected to the support 
electrode 12 so as to influence the passage of ions from the 
plasma down on to the wafer 13 ♦ An example of such an 
adjustable bias means is indicated at 17. The chamber is 
provided with a gas inlet port IB through which deposition 
or etched gases can be introduced and an exhaust port 19 for 
the removal of gaseous process products and any excess 
process gas. The operation of such a reactor in either the 
RIB or CVD modes is well understood in the art . 

When etching trenches, etches, vias or other formations 
on the surface of a semiconductor wafer or substrates, the 



(33) ftffiW- 10-135192 

usual practice is to deposit a photo-resist mask with 
openings revealing portions of the substrate. Etched gases 
are introduced into the chamber and a number of steps are 
then taken to attempt to ensure that the etching process is 
anisotropic in a downward direction so that there is as 
little etching of the sidewalls of the formation as 
possible. For a variety of reasons it is difficult in 
practice to achieve true anisotropic etching and various 
attempts are made to deposit paesiyating materials onto the 
sidewalls so that the material can be saerif icially etched. 
The most successful to date of such systems is probably that 
described in WO-A- 94114187 and this system is schematically 
illustrated in Figure 2. The process described in that 
document uses sequential and discrete etch and deposition 
steps so that after the first etched step the sidewalls are 
undercut as shown at 2 0 and this undercut is then protected 
by a deposited passivation layer 21. As can be seen from 
Figure 2 this arrangement produces a rough sidewall and as 
the etched steps increase, or indeed the aspect ratio 
increases, there can be bowing or re-entrant notching in the 
profile. The prior art documents describe the deposition of 
CF X passivation layers. 

The Applicant proposes a series of improvements to such 
processes to enable the formation of more smooth walled 
formations and particularly better quality deep and/or high 
aspect ratio formations. For convenience the description 
will therefore be divided into sections. 
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1. Passivation 

As has been mentioned above previous proposals deposit 
a passivation layer of the form CP X . The Applicants propose 
passivating the sidewalls with carbon or hydrocarbon layers 
which will provide significantly higher bond energies, 
particularly if deposited under high self- bias so that the 
graphitic phase is at least partially removed. 

If these films or layers are also desirably deposited 
at high self biases eg. 20eV upwards and preferably over 100 
eV, there is an additional significant advantage when it 
comes to high aspect ratio formations, because the high 
self-bias ensures that the transport of the depositing 
material down to the base of the formation being etched is 
enhanced to prevent re-entrant sidewall etching. This 
transportation effect can also be improved by progressively 
reducing the chamber pressure and/ or increasing the gas flow 
rate, so as to reduce the residence time. in some 
arrangements it may be desirable to drive the deposition to 
such an extent that a positively tapered, or v- shaped 
formation is achieved. In the particular case of shallow 
(<20^m> high aspect ratio trenches, the feature opening size 
(or critical dimension) can be in the <0.5^m range. 

The hydrocarbon <H-C) films formed by this passivation 
have significant advantages over the prior art fluorocarbon 
films. . 

The H-c films can for example be readily removed after 
etching processing has been completed by dry ashing (oxygen 
plasma) treatment. This can be particularly important in 
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the formation of MEMS (micro- electro- mechanical systems) 
where wet processing can result in sticking of resonant 
structures which are separated by high aspect trenches. In 
other applications, eg. optical or biomedical devices, it 
can be essential to remove completely the side wall layer. 

The H-C films may be deposited from a wide range of H-C 
precursors (eg. CH 4 , C, H 4 , C, H 8 , C 4 H B , c 2 H 2 . etc. including 
high molecular weight aromatic H-C's). These may be mixed 
with noble gases and/or H 2 > An oxygen source gas can also be 
added (eg CO, C0 3 , 0 3 etc.) can be used to control the phase 
balance of the film during deposition. The oxygen will tend 
to remove the graphitic phase (spM of the carbon leaving the 
harder (sp 3 > phase. Thus, the proportion of oxygen present 
will affect the characteristics of the film or layer, which 
is finally deposited. 

As has been mentioned above H 2 can be mixed in with the 
H-C precursor. H a will preferentially etch silicon and if 
the proportions are correctly selected, it is possible to 
achieve side wall passivation, whilst continuing the etching 
of the base of the hole during passivation phase. 

The preferred procedure for this is to mix the selected 
H-C precursor (eg. CH 4 ) with H 2 and process a mask patterned 
silicon surface with the mixture in the apparatus, which is 
to be used for the proposed etch procedure. The silicon 
etch rate is plotted as a function of CH 4 concentration in H 2 
and an example of such a plot is shown in Figure 4. It will 
be noted that the etch rate increases from an initial steady 
state with increasing percentage of CH 4 to a peak before 
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decreasing to zero. 

It is believed the graph illustrates the following 
mechanisms talcing place. In the initial ateady state 
portion the etch is essentially dominated by the action of 
H a to form SiHx reaction products. At around 10% of CH« in 
H 2 , the CH A etching of the substrate becomes significant {by 
forming Si(CHx)y products) and the etch rate increases. 
Deposition of a hydrocarbon layer is taking place throughout 
although due to the etching there is no net deposition on 
this part of the graph. Eventually, the deposition begins 
to dominate the etching process until at around 3 8% for CH 4r 
net deposition occurs. 

It has been determined that these varying 
characteristics can be utilised in two different ways. If 
high self bias or there is high mean ion energy, eg. >l00ev, 
the layer or coating laid down is relatively hard because 
the reduced graphitic phase and the process can be operated 
in the rising portion of the etch rate graph, because the 
coating is much more resistant to etching, than the silicon 
substrate. It is thus possible to etch the silicon 
throughout the deposition phase. Selectivies exceeding 
100:1 to mask or resist are readily achieved. it should 
particularly be noted that, whilst there is a significant: 
removal of the graphitic phase due to ion bombardment of the 
mask 22, the high directionality of the ions means that the 
side wall coating is relatively untouched. 

The process can also be operated at low mean ion 
energies either with a H-c precursor alone or with H 3 
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dilution. In that latter case it is preferred that the 
process ie operated in the descending part of the etch 
graph, ie. for CH 4 at a percentage >1B% but <38% when net 
deposition occurs. Typically the range for CH 4 would be 18% 
to 30%. 

The low values of mean ion energy during the polymer 
deposition are believed to be beneficial in allowing high 
mask selectivies. Under these lower rf bias conditions, the 
selectivity increase to infinity over a wide passivation 
deposition window. So if high selectivity is required, the 
low. mean ion energy approach offers advantages. Figure S 
illustrates the step coverage (side wall deposition measured 
at 50% of the step height versus surface deposition) for H-C 
films using CH 4 and H 2 under a range of conditions including 
the two embodiments described above . Figure 5 shows that 
high ion energies increase the step coverage, but even with 
low bias conditions, there is sufficient passivation to 
protect against lateral etching. Further, in this latter 
case the higher deposition rate serves further to enhance 
the mask selectivity. The deposition rate at low ion 
energies is a factor of two greater over the lOOev case. 

It will thus be appreciated that by using these 
techniques the user can essentially select the combination 
of etch rate and selectivity, which most suits his proposed 
structure. Further the enhancement of mask selectivity can 
be used to either increase the etch rate and/or reduce the 
notching. 

Figure € illustrates how various parameters of the 
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process may be synchronised. 6d shows continuous and 
unchanging coil power, whilst at 6e the coil power is 
switched to enhance the etch or deposition step and the 
power during etch may be different to that selected for 
deposition depending on the process performance required. 
6e, by way of example, illustrates a higher coil power 
during deposition. 

6f to i show similar variations in bias power. 6f has 
a high bias power during etch to allow ease of removal of 
the passivation film, whilst 6g illustrates the use of an 
initial higher power pulse to enhance this removal process, 
whilst maintaining the mean ion energy lower, with resultant 
selectivity benefits. 6h is a combination of 6f and 6g for 
when the higher ion energies are required during etching 
(eg. with deep trenches). 6i simply shows that bias may be 
off during deposition. 

In some processes, at least, the acceptable segregation 
period of the gases is determined by the residual partial 
pressure of gas A (Ppa) which can be tolerated in the 
partial pressure of gas B(Ppb). This minimum value of Ppa 
in Ppb is established from the characteristic process rate 
(etch or deposition) as a function of Ppa/ (Ppa + Ppb) . 

In Figure B, Gas A is 20% CH t + H 3 , whilst gas B is SF 6 . 
It will seen that where Ppa/ (Ppa + Ppb) < 5%, the process 
rate is substantially steady state. For typical practical 
conditions a pump out time of less than 1.5 seconds will 
suffice and a plasma can be maintained for over 65% of the 
total cycle time where the process steps are of the order of 
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2 to 3 sees and over 80% when the steps are over 5 seconds 
long. A suitable synchronisation arrangement is shown in 
Figure 7. It will be noted that the etch precedes the pump 
out as it is desirable to prevent a mixing of the deposition 
and etch step gases. Prior art proposals (eg. U.S.A. 
4985114) propose switching off or reducing deposition gas 
flow for a long period before the plasma is switched on. 
This can mean that the plasma power is on only for a small 
portion of the total cycle times leading to a significant 
reduction in etch rate. The Applicants propose that the 
chamber should be pumped out between at least some of the 
gas changeovers, but care must be taken to maintain pressure 
and gas flow stabilisation. Preferably high response speed 
mass flow controllers (rise times <l00ms) and automatic 
pressure controllers (angle change and stabilise in <300 ras) 
are used. 

The Applicants have established (see Figure 8) that the 
pump out time period necessary to avoid the etch being 
compromised by the deposition gases. However pump out could 
precede the etch step or both etch and deposition step 
depending on the precise process being run. Pump out also 
reduces micro-loading (which is described in USA 4985114) 
and is beneficial high aspect ratio etching as described 
below. 

Many of the parameters, which are varied can be 
'ramped' as general illustrated in Figure 9(ii) . This means 
that they progressively increase or decrease cycle by cycle 
in amplitude or period, rather than changing abruptly 
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between cycles. In the case of the pump out, ramping can be 
used to allow mixing at the start of the process allowing 
sidewall notching to be reduced or eliminated as discussed 
below. 

Typical process parameters are as follows: 
1 > Deposition step 



CH 4 step time: 
H a step times 
Coil rf power: 
Bias rf power: 



Pressure : 



2-15 seconds ; 4-6 seconds preferred 
2-15 seconds ; 4-6 seconds preferred 
600W-lkw ; 8 00W preferred 

High mean in energy case: 5 0 0W-300W- 
100W preferred 

Low mean in energy case: 0W-3 0W-IOW 
preferred 

2 mTorr-50 mTorr; 2 0 mTorr preferred 



2 . Etch Step 
SF 6 step time: 
Coil rf power: 
Bias rf power: 



Pressure: 



2-15 seconds ; 4-6 seconds preferred 
600W-xkW - 800W preferred 
High mean ion energy case: 50W-3 0 0W; 
150W preferred 

Low mean ion energy case: 0W-30W?15W 
preferred 

2 mTorr-50 mTorr ? 3 0 mTorr 
preferred. 



2. Etch/Deposition Relationship 

The Applicant has determined that the prior art 
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approaches are essentially too simplistic, because they 
neither allow for changing conditions during a particular 
process nor for the different requirements or different 
types of formation. Further the prior art doee not address 
the difficulties of deep etching. 

Thus contrary to the teaching of WO-A- 94114187 the 
Applicant believes that it will often be beneficial to 
overlap the etch and passivation or deposition steps so that 
the surface wall roughness indicated in Figure 2 . can be 
significantly reduced. The Applicant has also established 
that surprisingly the rigid sequential square wave stepping 
which has previously been used is far from ideal. In many 
instances, it will be desirable to use smooth transitions 
between the stages, particularly where overlap = occurs , when 
reduction of the etch rate is acceptable. Thus one 
preferred arrangement is for the gas flow rates of the etch 
and deposition gases to vary with time in a sinusoidal 
manner the two "wave forms 11 being out of phase, preferably 
by close to 90°. As the sidewall roughness is essentially 
a manifestation of the enhanced lateral etch component, it 
can be reduced by limiting this component of the etch. The 
desired effect can be obtained in one of a number of ways: 
partially mixing the passivation and etch steps 
(overlapping) ; minimising the etch (and hence corresponding 
passivation) duration; reducing the etch product volatility 
by reducing the wafer temperature,- adding passivation 
component to the etch gas e.g. SF« with added 0, N, C, CF«, 
CH„, or replacing the etch gas with one of lower reactive 
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species liberating gas such as SP, replaced by CP X etc. 

The Applicant has also appreciated that changes in the 
levels of etching and deposition are desirable at different 
stages within the process. The Applicants propose that the 
first cycle or the f irst few cycles should have an enhanced 
deposition by increasing the period of deposition, the 
deposition rate, or any other suitable means. Equally or 
alternatively the etch rate or tiros can be reduced. 

As has briefly been indicated before, it also can 
become progressively more difficult to deposit material as 
the formation or trench gets deeper and/or the aspect ratio 
increases. By controlling the amplitude of one or more of 
the gas flow ratee. chamber pressure, plasma power, biasing 
power, cycle time, substrate etching/deposition ratio, the 
system can be tuned in an appropriate manner to achieve good 
anisotropic etching with proper sidewall passivation. 

These and related techniques can be utilised to 
overcome a number of problems in the etch profile: 
a. Sidewall Mnt-r-^n^ 

The 'sidewall notching' problem is particularly' 
sensitive to the exposed silicon area (worse at low 
exposed areas <30%) and is also correspondingly worse at 
high silicon mean etch rates. The Applicants believe such 
notching to be caused by a relatively high concentration of 
etch species, during the initial etch/deposition cycles. 
Therefore the solutions adopted by the Applicants are to 
either enhance the passivation or quench etch species during 
the first cycles. The latter can be achieved either by 
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process adjustment (ramping one of more of the parameters) 
or by placing a material within the reactor which will 
consume <by chemical reaction) the etch species p such as Si , 
Ti, W etc- reacting with the F e t chant . Such chemical 
loading has the drawback of reducing the mean etch rate, as 
the quenching is only necessary for the first few etch 
steps. Thus, process adjustment solutions are considered 
superior . 

It is desirable to reduce/eliminate the sidewall 
notching without compromising or degrading any of the other 
aspects of the etch, such as etch rate, profile control, 
selectivity etc. Investigations by the Applicants have 
shown the approach of 'reducing the etch species 
concentration at the start of etch' is best controlled by 
beginning with process with: 

a . fluorine scavenging gas introduction or 

b. low coil power or 

c. low etch cycle time (step duration) or 

d. low etch gas flow or 

e. an increase of the corresponding parameters a to d 
above during the passivation cycle 

f . a combination of the above. 

followed by increasing the respective parameter (s) to normal 
pre-optimised etch conditions such as are illustrated in 
Figure S. The increase can either be abrupt (that is using 
say a step change in the a to f parameters) or ramped. The 
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results of these two approaches are now presented, in 
comparison to the teachings of the prior art. 

The nature of the problem (resulting from directly 
applying the prior art) during a silicon trench etch is 
shown in Figure 3 schematically and in the SEM's (scanning 
electron micrographs) shown in Figure 10 and 11. These 
Figures show that for a 1.7/tm initial trench opening the CD 
loss is l.2^m (70%), whilst the notch width is up to 0.37^. 
Such values of CD lose are unacceptable for the majority of 
applications. 

However by using the Applicants method (eg. a. to f.), 
of varying the process parameters during the initial cyclic 
etch process, the notched sidewall can be modified. If 
abrupt steps are used to vary the process parameters, abrupt 
transitions are produced in the sidewall profiles. The sems 
in Figures 12 and 13 illustrate this for different process 
parameters. In Figure 12, the transition in the process 
parameters is clearly marked as an abrupt transition in the 
sidewall profile at the point of parameter change (after 
8 . Sfua etch depth) . (Note that the sidewall notches have 
been eliminated.) Figure 13 illustrates yet another process 
parameter abrupt/step change. Here the sidewall passivation 
is high enough to result in a positive profile (and no 
notching) for the first 2fim. When the reduced passivation 
conditions are applied, it is characterised by the 
transition in sidewall angle and reappearance of the 
notching . 

By using the 'ramped' parameter approach, the notching 
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can be eliminated, as well as producing a smooth sidewall 
profile without any abrupt transition, see the SBM in Figure 
14. This shows a 22/ira deep trench etch, with a smooth 
positive profile and no CD loss, whilst maintaining etch 
rate comparable to the non-ramped high underact process. 
The process conditions used in this case axe given in Figure 
19a. 

b. Profile control during deep high aspect rati o etching 

The teachings of the prior art are limited where high 
aspect ratio (>10:1> etching ia required. Whilst the 
limitations and solutions are discussed here for relatively 
deep etching (>2O0/tm) , there is equal relevance for shallow 
high aspect ratio etching, even for very low values of CD, 
such as cO.S/im. 

One of the basic mechanisms, that distinguishes high 
aspect ratio etching, is the diffusion of the etching (and 
passivation) reactive precursors as well as etch products. 
This species transport phenomenon was investigated for the 
passivation step. The results show clearly that the 
transport of sidewall passivation species to the base of 
deep trenches is improved at low pressure. Increasing 
platen power also improves this, see Figure 15. The graph 
illustrates the improved passivation towards the base of the 
trench as the pressure decreases and the rf bias power 
increases. This data was obtained by firstly etching 2QQpvn 
deep trenches, then using the passivation step only and 
measuring the variation of sidewall passivation with depth 
using an SEM. This supports the variation of passivation 
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with etch depth, and further supports the suggestion that 
the optimum process conditions vary with etch depth. 

The limitations of applying the prior art for such a 
high aspect ratio process is shown by the SEM in figure 16. 
It should be noted that thi B relatively high passivation to 
etch ratio fixed parameter process still does result in 
initial sidewall notching, but the SEM magnif ication is not 
sufficiently high to show this for the lo^m CD. 230^n> deep 
trench etch. Prom the trends shown in Figure 15, the 
profile can be somewhat improved by operating at under the 
desired high bias rf power and low pressure conditions. 
However as a fixed parameter process, the high bias and low 
pressure conditions significantly degrades the mask 
selectivity (from >100:1 to <20:l) as the ion energy is 
increased. Using an abrupt parameter variation results in 
a corresponding abrupt sidewall change, as shown by the SEM 
in Figure 17. Ramping the following parameters: increasing 
platen power, decreasing pressure, increasing cycle times 
and gas flows; does produce the desired results whilst 
maintaining reasonably high selectivities >75:1, see Figure 
18. Here the SEM shows a 295/im deep, 12/un CD trench etch 
(25 si aspect ratio). The process conditions used in this 
case are given in Figure 19b. 

Figure 20 illustrates a synchronisation between 
deposition and etch gases which have been used for the 
initial cycles to reduce side wall notching. Typical 
operating conditions are given in Figure 19a and its 
associated SEM in Figure 14. Figure 21 illustrates a 
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synchronisation reference to using a scavenger gas with 
method (a) of side wall notch reduction technique. The 
dotted line indicates the alternative of the scavenger gas 
flow rate being decreasingly ramped. 

Figure 9i shows a synchronisation for achieving a deep 
high aspect ratio anisotropic etch although the ramping 
technique shown can also be used for side wall notch 
reduction. The conditions of Figure 19b can be used to 
achieve the results shown in Figure 18. 

Returning to Figure 9i: 

1. Shows an average pressure ramp. Note the 
pressure changes from low to high as the cycle changes from 
deposition to etch respectively. The ramp down of pressure 
then results in the pressure decreasing for both etch and 
passivation cycles. 

2. This shows a rf bias power ramp. Note the bias 
change from low to high as the cycle changes from deposition 
to etch respectively. This iB in synchronisation with the 
pressure change discussed above. The ramp up of bias refers 
to the deposition step only in this case. 

3 . This shows another example of a rf bias power 
ramp. Again the bias changes from low to high as the cycle 
changes from deposition to etch respectively , in 
synchronisation to the pressure. The ramp up of bias refers 
to both the deposition step and etch step in this case. 

In Figure 9ii general parameter ramping is illustrated. 
These examples serve to illustrate cycle time and step time 
ramping respectively. 
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4. ThiB shows a cycle time ramp, where the magnitude 
of the parameter (such as gas flow rates, pressure, rf 
powers, etc) is not ramped. In some applications this would 
serve as an alternative to the 'magnitude' ramping in the 
above cases. 

5. This shows a cycle time ramp, where the magnitude 
of the parameter (such as gas flow rates, pressure, rf 
powers, etc.) is ramped in addition. Note, the parameter 
ramp may be increasing or decreasing in magnitude, and the 
decrease may be to either zero or a non-zero value. 

3 -Etch Gases 

Whilst any suitable etch gases may be used, the 
Applicant has found that certain gases or mixture can be 
beneficial. 

Thus, it has been suggested in WO-A-94114187 that it is 
undesirable to have any paesivating gas in the etch stage, 
because it affects the process rate. However, the Applicant 
has determined, that this procedure can significantly 
improve the quality of the sidewall trenches formed and it 
ie proposed that the etched gas may have added to it such 
passivating gases as 0,N,C, hydrocarbons, hydro-halo carbons 
and/or halo-carbons. Equally, and for the same purpose, it 
is desirable to reduce the chemical reactivity of the etched 
gas and the Applicant proposes using CF X for example with 
higher atomic tnaBe halides such as CI, Br or I. However XeF 2 
and other etch gases may be used. 

The degree of sidewall roughness can also alternatively 
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be reduced by limiting the cycle times. Por example it has 

been discovered that it is desirable to limit the etch and 

deposition periods to less than 7.5 seconds and preferably 
less than 5 seconds. 

4. Galium Arae^jfle and other materials. 

Previous proposals have all related to trench formation 
in silicon. The Applicant has appreciated that by using 
suitable passivation, anisotropic etching of Gallium 
Arsenide and indeed, other etchable material, can be 
achieved. For example it is proposed that Gallium Arsenide 
be etched with Cl a with or without passivating or etch 
enhancing gases, but in general it has been determined that 
this technique is much more successful with the carbon or 
hydro carbon passivation proposed above. If traditional CF X 
chemistry is used etch inhibiting compounds can be created 
which increase surface roughness or limit the etch. For 
Gallium Arsenide lower temperatures may be desirable as may 
be the use of a low pressure, high plasma density reactor. 
Suitable etch chemistries have already been listed in the 
preamble to this specification. 



* 
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4. Brief Description of the Drawings 

Figure 1 is a schematic view of a reactor for 
processing semiconductors; 

Figure 2 is a schematic illustration of a trench 
formed by a prior art method; 

Figure 3 is an enlarged view of the mouth of the trench 
shown in Figure 2 

Figure 4 is a plot of etch rate of silicon against the 
percentage of CK 4 in H 2 ; 

Figure 5 is a plot of step coverage against the 
percentage of CH 4 in H 2 for different mean ion energies; 

Figure 6 is a diagram illustrating various possible 
synchronisations between gases and operating parameters of 
the Figure 1 apparatus; 

Figure 7 is a diagram corresponding to Figure 6, but 
illustrating an alternative operating scenario; 

Figure 8 is a plot of the etch rate of silicon against 
a partial pressure ration- 
Figure 9(i) is a schematic representation of parameter 
ramping for deep anisotropic profile control whilst 9<ii) 
illustrates ramping more generally,- 

Figures 10 and 11 are SBM's of a trench formed in 
accordance with the prior art, Figure 11 being an 
enlargement of the mouth of Figure 10; 

Figures 12 and 13 are corresponding SBM's for a trench 
formed by the Applicants' process in which an abrupt 
transition in process parameters has occurred; 
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Figure 14 corresponds to Figure 12 except ramped 
parameters have been utilised; 

Figure 15 is a plot of deposition rate against RF 
Platen Power at a variety of chamber pressures; 

Figure 16 is a SEM of a prior art high aspect ratio 
trench; 

Figure 17 is a corresponding SEM using the Applicants' 
process with abrupt transitions; 

Figure 18 is a SEM of a high aspect ratio trench formed 
by the Applicants' process whilst using ramped transitions. 

Figures 19 (a) and 19(b) are tables setting out the 
process conditions used for the trenches shown in Figures 14 
and lfi respectively; 

Figure 20 is a diagram showing the synchronisation of 

Deposition and Etch gas during the initial cycles of the 
Applicants' process; and 

Figure 21 is a diagram showing an alternative approach 
to Figure 20 utilising a scavenger gas. 
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Fig. 6(a) 



Fig. 6(b) 



Fig. 6(c) 



Fig, 6(d) 
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Fig. 8 
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1. Abstract 

This invention relates to methods for treatment of 
semiconductor substrates and in particular a method of 
etching a trench in a semiconductor substrate in a reactor 
chamber using alternatively reactive ion etching and 
depositing a passivation layer by chemical vapour deposi- 
tion, wherein one or more of the following parameters: gas 
flow rates, chamber pressure, plasma power, substrate bias, 
etch rate, deposition rate, cycle time and etch- 
ing/deposition ratio vary with time. 

2. Representative Drawing 
Figure 1 




r ' 

5-^ 



mmW- 10-135192 



lemmm tsmzm 1 7g=© 2 <ommc mmjE<o%m 

WJEWJ] SIT 7^1112 K# 

[ffctfB] ^Ffigl 3*fU 1/J9B (200 1. 1 1. 9) 

[SBa##] *S§§¥ 10-135192 
[&B8Bl?SSlO*5fl22B (1 998. 5. 2 2) 

i*m*fm &m®&om 10-1352 

[ttil3B##) 1$iPF9 - 2 0 6 6 7 2 
[BBa$gfc»SIB7Jifi] 
H01L 20/3065 

21/203 

21/31 

[FI] 

H01L 21/302 J 
21/203 Z 
21/31 C 

[JlHia] Wl3^3fl2 9 0 (2 00 1. 3. 2 

CliiE*f&S&£] HUBS 
[«iE^] SIM . 

1 stum 1 ] ^mw^icmm^ x * * > y-r 
i&zm-o t ib^mmic * * *atij&jg©8»*> 

^^"©t/p-fe * t 

^a-fe^tj-^^^ra. toco's 



l$/c«2CCfBm<D^'& 
IBtScD^'ft. 

friB^zi© -^o* x r^ffl 3 n s 3 ft a c t 

*^<b-r^i»^ 1 {cfBSS©:^. 

sci^*, i^B^-<D«F«rara*^ft-eft©frf3i^ 

— ©^o-bxiMiB^z:<D7-a-fexi©raK:*»). fTsB 
^f-©^WHR|AS^ft-eft©fiff»§^-©7-a -fe:^ iff® 
J&— ©^P-fe* i©Wtc* 5 C<fc *1^i^--5,ft^ 1 
{cfB®©;&&. 

mi) 

P pa 

< x 

Ppa+Ppb 

Pp a*iit?f7 - a-fe^-C^3ftit»— ©#*©#ii-c 
Pp b*i^7-a-b^-c^ffl§fts»-©^©»jl-c 

WLt?zffi$aM 7 fcfBts©^. 

[m&m9] £•■?>- !p)V<o 10© ^a-fe^tc 

*ji>t, fJta^j<-£©5^ii>&< <Lfe— r>*^{bs 



i&mW- 10-135192 



«©#&. 

[i#3jSS12] tT^Xv^f?-©!^ 

5»A«fnn©*i*. #xass©tf*. mMwmm>t% 
i «cta«6(D^„ 

[§»#s i 3 ] mEEjjwmmmms ©miu l -cast 

3 P. ft * C £ &fitift £ T ■5ft*5 1 <c§aiS©3r&„ 

msa i5] x 7 *>y{c5fea:-oT. mpg&^ir-r 

lK|gtt©:&&, 

[iwtqi i 6 ] ttriBvx »*s, ^mttcit^{t>kmm 
mi 5K.wm>jm. 

[»*® l 7 ] mfiasr— to&&m—<D-7u*>x<D>) % 
st £*««i-r*il*3B i fcsaiB©;fr&„ 

[St*5l8] CF, JfcUXe 

f 2 r**c t tw«i-r*i»*?i i tcsa*fc©#&. 

[gf*® 19] i>f^ >f1iX1fi'J>tt; < £ — 3© fc 

C £ Zim £ f ZW&S 1 KfittOStt. 
[tt*92 0 ] SJE&ftffiT 3 #5Ci, 

jssns c £«&at&-r&iiMiqi i Ksatg©^*. 
5ci%Mi«i*s i (cta«g©^ 0 

[f»*52 2] SS%, -10 0* CilOO' C<h 

©is ic&-oc£ t -r ssi^ig i tcfatsom, 

tl»*S2 3] G a A s , GaP, GaN, 

GaSb. SiGe, Ge, Mo, W, */c«Tar& 

i*#mt-rst»^ i Kiais©:^. 
[«^2 4] ijiam— ©^a-fe^tcfei^r. c 

li. BCl,. SiCl 4 . SiCl. H,, CH X 
C 1 „ » C, CI, , CH, *>?>fiSS^Jl/-^5^il? 



mtf stS3j^2 3 teia*g©#j£, 

[fS*S2 5] USSilO^n^KitW, CH, 
H, . CH, . CH, CI, . SfcttC, C 1 , #><E>/£ 

^^jt/-7 , *^^i;3ns^< £i>i-o<D%m&e>m 

ZBM*fx>S:. H$/ctt^rS14#X<h«tfetc. $fc«C 

^ c i *«Fiti -r 2 4 tcieigcD^ra. 

[fS^t®2 6] fuiaS^D^a^XiUsivr. O, 

£m&i,tcmM*fzzQim?zc£Z:<%wi£?zmmm 
i {ciais©*ft„ 

x^ftffl-r s c i -r it»^JH i (cia«scD^*„ 

[f!#3i2 8 ] f*iai£#Jt#!g*£fc}i:7 9 jR 
©*><7>r&SCi£#8(i-r£§il5jS!2 7 {CfBtS©* 

HH2X*siSg[©«Ka7*a-fe^if^i7ju^6fiR0, ^tttii 
* * ©&j& -fe x V -{ 9 )Ubmt © y a -fe x ©^. 

£msm. 

immi 3 o ] *#»s««:flijgg|{^x v * > ^-r ^ 

i'^©-etx-en*isj£tt^^->x 

B«faiajWK)^ai2x©ii»5:< i ^mnorfu^y-j * 
-»i'©frfa0-©^p-bx©x-,^>i/iga* > wsa^w 
Wt" n 42 x ©f*^ n x -y- ^ ;v©strtaig— © 7*a 4z 
x©x-,*>2fjigK:tfci'T t /hs<-rs. Ci4M 

m>m 3 i ] *3ift«sK:itjgsiJ*x v ^ > yt- -s, 

5lt;Srt-ca«rcM»3K)^Pi2X^J55SL. BUDWfiti^ 

^■p^xif^ ^ji/©-eti-en*isj£f4w^->x » 



ftmW* 10-135192 



[0 00 l ] 

[^<0JgT4g^#i?] ¥*&{*S«<DglS 
[0 002] 

[fiE*(D#ffi] x**>*£m»£©*&*^fcH±4#& 

£ tc ct o jgjas tifcto&ffim* > * 

[ 0 0 0 3 ] *0«tt*ttB % WiLtf, 3IWUS-A- 
4579623, EP-A-0 49 7 0 2 3, EP-A 
-020095 l % WO-A-941 14187, R 

us-a-4985 1 i4tcae>n^ 0 tti^-r^ 

<h©^tt^t-4*><z>^^ 

*»^*4©tt#»*afrc* 4 i i> 5 <d*s— 

* + >^*4«ftte*43fc6T**K UK, 3E£Cc& 

4. 

[0004]<fi(^ffiK, gi^EP-A-0 3 8 3 5 7 
0, US-A-4943 344, RU f US-A-499 
2 1 3 6CtgS»3*VCt>4. Ch6t^t(D3IW»» S 

Jt^O^-Z 4. 
[0 00 5] 

©§gtt#Jt*UTi>4. ^&ffifg3*iri>4:friSrt? 



[0 00 6] ChBS^CIIWflDlbh^tt, 
X*S*lTC>fcl»»««tt) , Xt,*>^gg;* % r*^ 

4o 

[0 00 7] 

[0 00 8] — 0<D«ffiK:*Jt>-C\ KJE^ft 

<Z>¥iSf*S«te (HJCtt-f *>x 9 *is#jgaHvmm 

at*. mmmm. t-f*«i, x 

i3Km*JWt!«£-*-ft C ft. 

[0009] mrtex 7 y^aanD*?- * o 

Tfc<fci>u x^^>^<h^cD^x«s^br 

[ooio] mm?mz. x^^iitim a 

[0 0 1 1 ] 
[»2] 

P P a 

<x 

Ppa+Ppb 

[oo i 2] ^«s$nft*rjKtf3nft, ±a«c*it» 

*l4#* (B) <D#ff«v *UtxB)(fX (A) 

[0013] x^>ysaif©^asat 

ott«Jttii«cftJ:5«:«»'i'ft-ct3W-r#4. cn?> 

[0 0 1 4] W*C»*L<tt, ^<i*>»i^O;i/ 

2 HI 4 V 9 $ r <o*ino«if -f * ;i/OBI «: 

^j$a«ra^>3^4o 
[0 0 15] x^>yjig« x Tf2 : 



(a) JSSvtfXCDigA 

(b) ^7X^9-(0«il> 

[o o 1 6] amaueti. na : . 

(a ) 7? X7;I9 -CDtgttJ 

(b) tf^*;MOT<D«fti 

(c) #*itt<D*iMw 

(d) s£#«<E>Sgg<D*gft] 
Ce) SJS*rtEBb©»b 

t o o 1 7 ] #fia£<Dffi©wM»*, x 9 vm*/ 1 ®. 

7. 5l^«©«JB*l»ttS6M^3< 5 
WE>2 0 eV, WE> 1 00 eV) 

[0018] mMmM^ y^U, B&tMB&Offit 

[ o o i q i wffl ( b a c k> &mmmtK*>m<&( l c 

4*tf, -100* C^lOO 6 Cor>«SHK:£>£<J:5 

[0 02 0]2fi^ GaAs, GaP, GaN, Ga 
So. SiGe, Mo, W&tfT a©t£CDt,>-$**l3fo4-r 

frl^C U , BCl a , SiCl 4 4 SiCU H 2 , 
CH X CU, C x Cl y> CH, <D*P<D — SflRHlttB 

^t-rzc tw-czz,, c 1 2 a*^«:*?®T&£ e m 

fcHCHx, CHxC 1 y<D^(D—~Dmmm^t>1*t 
t^CiA^^ CH* *l»liCHi C 1 B IfifttCft 

[0021] 4&m\*±icjmot&*)T?i>&ifi % -en 



10-135192 

[002 2] 

t0023]HHt El6tt-f :*>x 9 ^> ^SCWt^ 
^CDp^CD«^^MLTl^^P^r<DJ®c;^l 0 

3J6*WS3£«Ff*«ai 2 4^*x4fc*X^-X£g 

[0 0 2 4] J£J&^1 1B % 3^15a(cj;»)lSn 
T4e*K Sl£Sl 1 F*i«:*J^T«fli 1 24®fil 44© 

^x^fis«:«fflr4c:43&s'c&4. c^rncD^cc*? 
n«RF^:m3:DC(D^-rti^4-rsc43&S'ct, f i 

>cDjl^JcS5S€:-^^$J:^tc^»mffil 2lc@$hT 

*©Sfi«Pl 9*«!WT^-S. R I E*UBCVD(D* 
«Sfe»W(DS8JK:*5V^Tfi< is^nti^t 4r& 

s. 

[0 02 5] ^#ft^X-^acmi*«ftSS<Daffi± 

iltTSo x^^>^x5:S:i£;Srt«:BX0ii^ ^ 
LT, ^tB*l®0^^©roSOXv^>^fel^^ 

nSo a^cDs*(cfco. *<D^ttx9^>^^a^si 

^^Dte^, mifB«*4^«aWCCx 

9 * > ^ 3 ti 5 & <fc 5 ccr s/c«> cca^ ©K^wbn 

7^A« V /c^ v 3|#jWO-A-9 4 1 1 4 1 8 7 CCiB 

$g3nri^4>-e*>0, -&©^>x^A^S2K:SitBSWK: 

x v *zsyRz}mM*^y 7zm3?z<D^, **wdx 



&mW> 10-135192 



#&-r*c£K:&9 5*« otiimsvmmicte. cf x 

[0 02 6] ffiKIAtt. <kK>m*>&t£m<DBl8®. R 
0\ ^CCcfc0S7W<m^/t/^^«it?T^^^ hit 

[0 02 7] 1. *flM8 

«Wc±-ca^teJ:9«c. S£5fe<D&2f£tt x CFxCWB©* 
«^*«1TJ" fflEIAte, MBMMtr>U: 

[0 02 8] *>UCtie><DBttt>»3:B*BfiBiOCc; 0d 
2 0eVJ£Lb, ffjBtCttl 0 0 eV£@*£iSU 

> if S ft 4 JgfiJEttCD^ - X tc fa 5 TJ7fa^<DmMttn<D 

KJGIffHItfT 5tl<!:#g*GC>. m< (<20um) 
(DgJPg&tMX <*l»tt, BBIhftt) *<0. 5 urn© 

[0029] c«^«JWb«: <fc o rjftfcs *ifc«f bWR 
<H-c) H*. &ttfi^r**7^*o*-iK>BI«: 

[0030]W^f, «HBH-C»* % 

£ F7>f7^>y (ma^x*?) soaccto^To 

[0 0 3 1 ] frriBH-C^ 0IEOH-C8WB" 
«95 (tt*.t£. l«}^fiBr«B?H-C«rdtfCH« , C 
» H« % C 8 H B . C 4 He , C 2 H 2 m) *fflt»-C3R 



Oa . O, CitfT*, 3B»»k:*n*7^il/ 

nifita (s p a ) o^^axo^^a^ ( S p a > *b* 
m-rfm&bz. *©jt9ftt>wr, ??«et4K5Sco»i 

4. 

[0 03 2]±tJE^<t^K:, Ha *H-CiJIK^W 

[0 03 3] COfca&0#*lA>#flH«\ jlfRLfcH- 
Cf5©B® (Wfctf* CH 4 ) £Ha £»&U CC 

t\ ^r^x^^^y^jiitcfec^T^aT^s^ 

®g#, H 2 rtcDCH 4 ifiK©BB«t£l/r:/n* hi* ft 

ciit X7^>^M« V ch 4 ©«^©«flni« 
tc % W8<Dmntm& 6 1- - * $ 0 . ^<D*t-fef 

[0 034] C0^7 7« v «TO>*-XA*JfiCo 

SU»CC*$liT», S i HxS)C£dBill«BjfirSft:ACD 
H 8 Offi«l*s*SI±X3r^>y*3aBU'C^4..H, * 
0%<DCH 4 ^a'tl-SJc^Kltt&t, S«(DC 
H 4 *v*>if& (S i (CHx) yMi4Mt^ 

•T4o x^^>yofc* % ^^CDC<DSB^r«iE*cD 

jEtt<D3R»^iEt;4J:5«:tt4«j3 8%CH4 C 
[003 5] C*l6»l?»ttt»tt4 2ilO<D7?^rffi 

*4^, Ki^^^*>x*^-*ij?s-ra 

ig^ (mtf, 1 0 0 e V*©iL4) , Jfit/cBa^« 

y =»>S«<fc 0 *>x 9 ^>^oc*f orr ^ <h3& 
t^«Cv**«*&fcaf>, sy>o/dysti^jfi5g»x^^> 

* 0 toiiafewr, ur, 

tt. U^hCCM-T&IOO : 1 %ffliLSSf>?S4®M 
CC»*Ci*«r*4. v^^2 2(D^*>iB5^CCJ:4« 

c^4, ti»5ci«:4*«:jgatr^*r**. 



10-135192 



[0 03 6] ijia^EHz*^ iJ-fc. ffi¥*9-faf->** 
Iflie-T'n-fe^*. x?^>^5 7<DTI$SI5#lc*> 

^TSitt-rscoj&Jifjat?*^. ^©as#£B. ch 4 # 

18%J:DA#<. 1-^4053 8%5fc 

— IKK. ^©IfcBB. CH t *J18% 

[0 03 7] ^-^©igwsFlij-i'tf^x^l^- 
cnt><om>r t '-wrxaMrrcB. a 

-5. <fc-?-C. fcUS^jffiRgB&Jg3fc3ft.&t§-£B. (SO 
¥^*>x*Jl^-©^£#Wf«£&D5S. 05 
B. ±IS2S^^J!8£^t?^ffiB©TrCH, tH, 
=£^-rSH-CM<Dtoe><D:*;r v^Vr^ (Xt- 
5» :^B53©5 0 %f^J5£3 *l?tffllJ^»K:*r-r Saffl^ 
#) 0 5B. ^^^>J.^;U¥-«^^y^/7 

r . SS^fax 9 > y©|»ihK+#£t;FSMBsff:#i>i <* 

nscttwitu*. Mic, «=#©»£, xvm^m 

mmms. gKvx*aBRK*t£Jni3 

■r. &-f.*zs^*A»¥-ta l iii&ffiBm&iz. iooe 

V©*-XK*5Wa{>©©2flrC4>.2>. 

[0038] eth© j: 5 ftfcw-c, cnf.©fft*«ffi 
vtuB. -/ ^ tf&fc&K-?;* t>mi 

S©[6Lk£<sOT-f* c i*s-c* s. 
[0 0 3 9] 06tt. £©«fc 3 KiWiBT'p -&*©«*© 
^5^-£j&i|I)$$tt£:&>£^LT^£. 06 (d) 
B. -f-jUW^j^^U, — 06 

< e ) mux v*^> vw&mmm?. r- » y^iMjt-r 

S<fc5K. 3-Omi;t;*tfJ9#S.. -?-L/-c. 
©Kf©tf2>B, ^*S*T-5^n-fe^ttteKflSi#^-S3l» 
©fc«>K3aiR3 ft* Utf? £ BJtfc 5 c t fc^u-c<,>£„ 

S6 (e) b. mtisx. mmm®**)Wi^j)Wi] 

[OO4O]06f~i«. TXffi#©gH£©^{t 
4*lt:i^„ 06 (f) ». ^fl!r!SM©i»*4S^«: 
f£fc«>, Xs,^>y©ni!B, ^qrxdiMWt/T 
— 06 ( g ) B, iI*RK©«.&*#o-c. ¥ 
£j^:r^x*;v¥-£e<«i*&asiE>. c©&*7"cnz 
^*Wg-r6fcii6©^»JWffi^|/^;b^©^4^L-Cl!. 
@6 (h) ijf >^ (W*.B. Siimfiflt) 

©rate. cfco«cw^>x^^^--«:g*-r^©/cJ!t> 

©. 06 (f) £06 (g) ©ffl^-C&S. 06 
(i ) tt. ^©WfJ. -'•WTX&SJSt^-C 



[0 04 1 ] T'atXKJcotlt 4>&< ifc. #x© 
flftWMWflW*. B ( P p b ) ©^Etcfc^-cf^S 
3ft5S#XA (Ppa) ©SSg^EEKJ^TSWSSft 
•*>,, Pp b(ctett^P p a©C©*/MSB. tttt^n-te 
Xi£S <X9*>**I,>B*») WPea/ (Pp a 
+ P p b ) ©B5!8t£ LT9tf£3ft*. 

[0 04 2] 08K*Jtvr:, ^AB2 0%CH« +H 
2 *'XBBSF, T*5. Ppa/(Ppa + 

Ppb) <5%m>Tlt ^a-fe^ji^(i. *3ftoK 

1. 5fi*»S©5K>^f^B#M-c+»T , *0. ^-l/T. 
^7X74, ^ P -fe X * v 2 ~ 3 #©*!&© £ * 
KB. -^tUf W ^JVB^rfflCD 6 5%iCi8o-CS£}3FU *. 
fc. ^nfcXX^*:/#5#&a;tS»^KB. £st1f 
-f?JMt5H©8 0%KSoT^-rSC£*5-Cgf.S„ ® 
«]^l^»i«fi£407K^-r o ftST^SC £B. a£fX 

f^ix^fvm? ^©^^©^©®ai*s^3j 

LA>©T. x-, ^>^4!j<>^SfMK^f§-B-S tc» 5 
C£-C&&„ £;%m.ffim (W*B. U.S.A.49 85 
1 1 4) B. ^XvASt^ttltSnSiKC. &>,>m 

-f ^^NfW©^S *»»K*sl»r©*3j-^t)?3BK4 

^»-r*„ WGSAB. SJt>S%. ^4<tt» 1 -»0* 
X^ies©HK*jt,>-Ci|<>7*g^-r-!.#-C&4*s. EE*£ 
^/X«5fi©^*5^s^^ j; 5 tc&« ft wnBttC 
f«CU£g|gt-?,„ »*L<B. ^ft.§jitt©MS?jJ5fi*IJ 
m (i_h0B#fffl< 1 0 0ms) RCXi«|li^$IJ®S (ft 
«*5<3 0 OmSK^fbUt:. ^«T.5)«rffiffl-rS. 

[0 04 3 ]msSAB. ^##XKJ:orx^>y*s 
|fs&iE.nSc£©i5:t,»a:5K-rSfcJ&K s jiOT'gpa^ 
M*«^-C*?.C:£€rM6^Kl,fc(08#M) . l>t» 
btj:ifit>. #>7Wtm. ^Siitf©ya-fex©SfflKj: 

«X^5.^©M*K5fetf3l*--5C«!:*5-C#S 0 -eur$ 
fc, #>:/gMevB. (U. S. A. 498 5 1 1 4K82 

«snr^s) m'hiamzm>i>* -&u-rTia©ji*j. 

[0044] ^{fcS-&^.S^^^-if©^<B. 09 
(i i) K«W^T«fc5K. C£*s-C 

fc^T^i«(K^{f:-ra©-cB>s:<. •s-^i'^criK. m 
TiaK^-r & «fc 5 k jgt^-r &tom.>im& l 6 z ?v 
[0045] mmmizzfttK^A-zteycroym*) 



f$BI^P 10-135192 



1. mmxy-'j? 

CH< Xf?^B: 2-15#; Sf S U < «4~6# 
H, Xf^lSia:2-15#; 5fSL<«4-6» 

f ffl^): 60 0^1 kW : #£U<{*800W 
M-fT*r f mt) : iS¥*3-f af^x*^-©*---.* : 5 0 0W-3 0 OW 
: *T*L< ttl 00V 

fi^-f^x*^-©^-.* : 0W~3 OW 
: »*L< ttl OW 
ffi^J : 2 mT o r r ~5 0 mT o r r 
: Jt?*L< «2 OmTo r r 

2. 17^?^ 

SF. Xf^^fffl : 2~1 5#; J?*L<«4~6# 
f Hi* : 6 0 0~1 kW : Sf*b<«8 0 0W 
'<-fT* r f tftt : Si^K^^X*;^-©*--* : 

50W—300W: JfiP£b<ttl50W 

^x*;^-©*--;* : 
0W~30W; df*L<ttl5W 
EA:2mTorr-50mTorr; »Jl/<B3 0mTor r 



[0 04 6] 2. x^>^/p£#©B& 

7 , ©ff$fiE^tswAn^^*5e.-c*^. ik, Atom® 
Sox^^^ycD^tctargxtj^-ci^jri^ 

[0 04 7] *©l$&*)tt-C\ 3IWWO-A-9 4 1 1 
4 1 8 7#«*TU£C<fc£tt5*fK: % I2fCml/T* 
5<fc^{c^CDasffl3*^*<«^>-r*J:-5K: 1 x** 

Sl>*>©-e#>3£Sia&-?W/c. ^<<DJg^. x >^>i/ 

4>4. fflJUffiStt. ^H±«^fIfiJx,^>^55-©*iA 
©«ft-C£>£fc*?>, BflsBMSffl 3 tt. x2>^>y©B!Tfa 

x-,*>^*x?:/£©8q#fl*JKig£-r.5ci (g. . 

:x«,*>2f (L/crti-a-c. *M£-r&^{iasi-fb) B$ 
ffl*r®/Mt^-* ch ; "5 x-/\iaa£<6T 3 
«fc ») x ? > ^^£!B5^a4^d>$ C <!: : my . 

SSJtobfcO. N. C. CFx> CHx%WT5 
SF»©J:5&. x^>^^M5Tvi!HkgW 
CF x^K^gSSn/cSFe (Ok')*, x? 

^ > ^mmm^m^t 3 #*©-o«:xgs-r 



[ 0 0 4 8 ] fcHHAB, :/Dfc*F»j©S& 

^**itt:3ttS'<*-r*sc pieces 

[0 04 9] «8lCf»*KlfrjjEL,/£j:^{C v ^fi»ariAk»tt 

v<7-. mrxmij. D-jz>mffl> mm.x.v*>tf 
/m-Mitmv) $ % . — ?et_h© *> ©©a* $ £fwsj-r •*> 

n ^^^^^^©tcia^jc^ffif^^^A^IBS 

[0050] cne,a^M»-r S^ffil*. «T©J: 5 
CC V 1 1- f > y 7 r -f ;bK*j W 5 ^ < -o*©MS4 

[0 05 1 ] a .ML/9?*Mt- 

mb *Bm" ©rasw. =i>e#a<© 
a^ 3 (30 %&ffiox&^®mm.m(Dm&tcj: *) m^) 

>^s©i:tea«)iSiu?ga«:<tr 3 -c?i*sc3tiaimc 

m 1 ^^©hk. ^flim^ffiii-rs^ 
sR^ijx „ ^> ^SrrH?g§#s *>©u^*n^r $>a„ 
f^«». ^aHzxissi < — ^^^i-t-niyi©^-^^- 



-ffl 7- 



SlE-rss i, Ti. w^©x^?>ya* (ft^SJS 

[0 05 2] X9*>*3ML ^n^y-f^W. il*? 

t4^©{&©t,>-r ft©fflj®& tsifeyt d mmxitzsz 
ci<i< > «tt -> » ?&i8.*m'j>/m : £-r a c <t atsgs 
tA>. tainAcsf^tcina. "x*^>ygij&B$/£tc 

fc»fc3IStt^Tm>ftSTie©:7a-fe* : 
a. ? X©*A 

c. {&3.**i,tf-9-4 9Mm ixrv-mvaiM) 

d. (sx^^^'^xaa 

e. Tftfl^-f* JKOBB©. M3|-r*±f3a — 
£ ©i#Jfl 

f . ±l2©ffi-£-£ 

©^-r*T.*>iT-&Ci:*s-Ct-2.. eft6 2 3 i ffi©i6»* 
[005 3] i"Jn>ltaS8lxu'3 i >i' , ?rtfort^ra 

© <4&i^*raaOT*e&tcj:i}3kcT<«) 

«©#W*. tt£tt<cH3tcmU *fc. 0iO&t>*0 

©0tt, 1. 7 um©fi«8»S»fflP{ciffC>r. 
ibirtso. 3 7Km*-Ct*5-^ CDfltfk&si. 2ji 
m (7 0%) -CbZZtZTn?. ^©J;5&CD«*© 
ttB. ASB^©^«C*$^t^a-C*5„ 
[0054] * *U 

-**£ffc3tt5*HMlA©*ffi <fVX.t£. a~f)* 
£Mli7S&&ttAS£7u7 r J *K&l&$tiZ. 01 

?.*-'*k:*j-l"c\ 0^-r&&©-es>3„ 012 cc*jt* 

■C. •7p*:XJ* : 7jt-$<D$t{t\&. (8. 5wmx^^ 
>^SI3©S©) -»t^>-*<DSE<fcjS«:4»»«, 
D7 r -r;v©a®&g^«:a-o# 9 im3tiTU-5. 

dWM^y^j&i^ciKa^snfci^ ) 01 3«> 

^ — o© v'u -fe ^ ^ jt — % ©^8L/x f- * b& 



9$g8¥ 10-135192 

££D&©K+#&/cWJI1tC*.&. *+#&^iMl{b 
^#**jS;B3ft7eil£. *ft«, WJSftSO^tSOV 

[0 05 5] ^-iz^&^ttffiTSC 
ifc:J;«3. t^&£:il&fc^*fc£D3i*&C£&< 

(II 4©SEM£#fig) . #6*>ftWM^a7 t -Ol/ 
££j£-T£©<i:la]II$&i:. C©0 
ffi&4&b©*T>#--27? h^O-fe^KlE&TSX 

>f JV£W L C D»£©ttl,>8l3 2 2 y m©MBifx ? 
>y*^l/-C^S. C©)«^cffiffibfc-/ta42X^ff>& 
01 9AK:*T„ 

[0 05 6] b. ^ATX"^ hibx^^flS© 

2$a13ffi<D%l%.\Z. XT*'*? UtOlO: 
?>y*sg#34-iS&©&cK5£3ftTU&. cccti. 
JtS&m^x^:^ (>2 0 0 nn) KH-TSMIR* 

BO. 5 um&ffitf3:Z£5l2*gmi>CDm<Dm&lC 

[0 05 7] iUTX^d? hJtx»>>^**«R-3tf*» 
**g«©— «, x » > y^gjSC^x » > 

7- v vtcisi-tz comommHsnm^tc. commit 

E©«£ici«fc#3n£. ^f>ffi*(Dttlfci>fcCft 
*«#-T-5fe©-C*S ; 0 1 5*#j&. IKj 

*i«i!>L/, £/t. r f ^vrxm^ii»n-rsNf©. ffl 
g?t©je®#a-c©5fe#3 titc^-mmit^m ur t,»*„ 

CO^-^B. *WlC2 0 0wmaS3©ifflfi}S?rX2 r ^ 

TTtSS!^^^^ «fc , 3 <fc -S ffl'JSg^Pfi&SSco^ 
{b*i|iJ^-rscifcJ:o-c»t.iafct>©-c*^ 0 c©c 
i«. X5,^>^3(Cj:^i»!S©^b^lliEL,. -e 
IT, MK. gl&T'Dt^ti^V^St* 

[0058] GifS&m*. -^©filJtc^TX^d? btb©^ 
n42XK*fbT®fflT5^©Pfi^?r. 016©SEM(C 

Sg/x i ,g : ->yi:b©@^'5^-i'^CH2^« 1 
Hit-'jftftCftKii. 10/imCD, gg3230 

(im©a*i©i •^>i'(cjitL.tcn4^-r(ctt > s 
5«c^3n-ci,^M(fi]*'?., a*oi>ffi^-Yr^r fm 



^gSJSF 10-135192 



tRK* O100 : 1*6.<2 0 : l^i) =tO<3Mb 
«flte^5>--.»Xfl:*ffiBrSW6. HI 7 
<DSEM«c^bt:*iJ:5tc. *f[£rrS:§iS&&{i!Jig^b 

5 : 1 *ffl**3J3&m>it!R&*l«$l,o-D, Jff*i, 
^femftUZtlZ (H18*r#ffB) . CCT. SEMtt 
gg32 9 5um. 1 2 umC D©*fflgj&x y (2 
5 : l©TX^*Hk) CODt&^O^a-bX^ 

HI 9bK^-r. 
[0 0 5 9] H2 0« t fflIS>'5'?-&i&J>;*ttSfc* 

MllM^fcfc^T^Ufc^tfXtx-.,^ 
^^©PI»l=&^-r„ JfcMltt&S&fl^ft'&H 1 9a(c4 
A. -ei/T. **UC|»;b£SEM£H14(c5Vr o H2 

nt: mm; ? *wi>mfc<b^m <a) tctssisw/* 

[0 0 6 0 ] H9 i tt. mi**LT*'*9 Hfc©H:£t£x 
5. 01 8 ICnkTmmZ&ZK.&dC* H l 9 b©^* 

Gyre**. 

[0 06 1 ] H9 iCCHSi, feTFcDC -5 : 

1 . ^kh». smmtKDtm*^?. yjfbimM 

[0062] 2. ^khk. r f 'UTxmxmnzm 
-r a-en-en©*©^:. ^^r^^m^^r^t 

[0 06 3] 3. SSHtt. r f '^rxttttrilM®6 
5 — oomttlr. CCttJfe, ;^7^tt, BE2>S 
fttClaJJWO-C. ^^l^^frfcx^^K^b-r 

[0 0 6 4] H9i i«, — MWte^Jjt-iUDQmZ: 

1 z t- v -7mm t n-en^-r t ©-c*> s „ 

[006 5] 4 . ^KHtt. -^-Y *;m#ffli9&£^-r„ 
^y-* (tf^Sfefi. EE*, r f m*^)' 

©A*3#{^4-3W6*rc<,>&t,>. afflwcfc-o-cra, 
cti« t _hiB©J&£© "ASS" ©«?4-3W«c*hrstt 

[0 06 6] 5. ^a*H«. D-^^^wt. 



CC7B. (2/*ffiEfi, EE*, r f 

AS Sfcw^T^a^j^SttSc j&4> 

[0 06 7] 3. i!.f>^ 

x ? ?>^®|i§K:*ji,>r«^*^d:*^SiifiKb^*J^S 
ft*C <t feftf*L/< fct>C<fc#3l0!lWO-A-9 4 1 1 
4 187©tftc^3titl>5„ t/#>L&#i5> UilSIA 
tt. CC^ftKJ:*). ^J7£;**aSffliMSB&at©SI*AII 

{c*#-rsct*if^5t*si&-^w. -ebr. o. n, 

F, i&m-rZtkZ&m?*. U*>l,&;W6. XeF 

2 ^©x^^tf^sr^-rscifcr^s. 

[0 06 9] *l>tf . flHtt&3<Z>l&&l>l£. ifW fJl/R5f 
W«:$fJBS-r 4 C i tc «t o r *> £ td&P t # -5 C 1 5Wt? * 

I^>^^©^T5^«, 7. 

* u t> 1 1> 5 c tifc. 

[ 0 0 7 0 ] 4 . ^/ <; A5lt# i fi&©*t*4 
■o^x-cibi,. mBBA«. a^*^:0JS8^b{cJ:^3•: x/u 

•fA?B^^ $e>{C*fc. flk©X -y^>ynJtg^M5f4© 
S*ttx>^>^SfiKr#SC<i:^&fc. WAti. 
tf'J^AittMt-MDX* ^S8{b5y^l>«X 

c©#^«. — igefcfiligufc^iEutsK'fb* 
teffl-rsfce. xt,^>^#fb-^}*s^ssn. -eu 

^igmtt-r-CK: c ©Bji!ffl»©Sire«:iB«g LT* S <k 
[H®©ffi^&l»^] 

[HI] *^f**toa-rS/cJ«>©Sl£^©S£BSH'C* 
£. 

[02] ^^$R©^jS CC «t i? ti/c«Bgj8©«tBS 



«.1 *J 



0T'*5. 

[04] H a K^StlSCH. CDfl^K^f 

[0 5] M&S^^^x^JU^-JcfcfLT. H 2 «: 

[07] 06tcft-r£05S;T&&#s. ftSftSrSMSHteS; 

[08] «-jB:t{CM-r-5^";=i>©Xy^>i/jiS** 

[09 ] ( i ) l*atC>^tt^P7 r -OHM®©*:*© 
^•^y-f m4©SlBSfifjii^^-r. ( i i ) « ( i ) 

[010] ^S^R(CfieoT^3nft:SfflSm©^S! 

[011301 O©g§PS|J©fc*;0-e&*„ 

[012] ^DH2^^7y-^tcSffl[^{(:*s^Gr^ 

5 ffi«BA© -fe * {C «fc 0 § iT,?c«Bfijf <DttJ&T £ 
[013] 7*n4z*^y-$tc^&^fc;W£DTU 



*l 10-135192 

[014] msirfcrtvj-zwimztxx^zvm 

it. 01 2K*Ht;LT^.2,. 

[015] m*<Dfx&£Kj]lCl<sttZ>RF-?zr?->tiij} 

[016] StfaSffiK: cfcSSiT*^? Mt©«ffiS«©^ 

[017] t^^t^iliSlisaiSilA^nHsx^M 
Lfct§£©01 6K*fl£T*^*^S-?gB^^**^ 

[01 8] tmLttMitzmmbx. &mA<D7vzz 
[0i9] (a > «0 1 ^(Dj&Emm^mskm&Mic* 

-bX^fc^bTl,^.. ( b ) «; 0 1 8 ©j£S3?!1I-?- 
§S®^¥X{c J; *) w 3 tiT I » S ffl&ffi%mm? S fc tb K 
igb£3txfc:7nHz;*^#£^lrCU.$ 0 

[02 0] gEM#X£^T*C < b{t£*02OK*hr 
£tt§W&#&*7n-r05£-C4. S . 

[^f#©^W] 

1 8 ...tfxmxn 

1 9 . . .tf^gfWn 



-ffl 10- 



